Examples of a combined approach using in vivo as well as in vitro methods for the assessment of prenatal toxicity are presented. The topics discussed include the analysis of the possible embryotoxic potential of valproic acid (VPA), female sex hormones, bis(tri-n-butyltin) oxide (TBTO), and acyclovir and the problem of supplementing in vitro systems with drug-metabolizing activity.
Introduction
Supplementation of the classical in vivo tests with recently developed in vitro techniques has greatly extended the scientific possibilities in prenatal toxicology (1) (2) (3) . In this presentation we shall give some examples of such a combined approach as extensively used in our institute in recent years. We strongly feel that only the concerted use of in vivo methods, in vitro techniques, pharmacokinetic studies, and additional specific morphological (especially electron microscopic) and biochemical investigations will allow us to successfully tackle the important problems in revealing the principles and special aspects of prenatal toxicity in the years to come.
On the other hand, one should be aware of the possibility of producing "artifacts" in vitro; misinterpretation of the data may occur easily and must be avoided (4) . One of the major difficulties still connected with in vitro methods is to distinguish general cytotoxic effects, which may be produced with any substance at a high enough concentration, from specific interferences with differentiation processes.
None of the culture methods available today are, alone, adequate for tackling the variety of problems and all of them have considerable limitations as well as advantages; the most suitable method has to be selected for solving a special problem.
Here we present results of studies supplemented with different culture techniques on some aspects of abnor-*Institute of Toxicology and Embryopharmacology, Free University Berlin, Garystr. 5, D-1000 Berlin 33, TRG. mal prenatal development induced by valproic acid studied with the "whole-embryo" culture technique which we have modified for use on a larger scale; the question of a possible induction of abnormal heart development by some female sex hormones ("whole-embryo" culture technique); the problem of assessing a possible embryotoxic potential of bis(tri-n-butyltin) oxide (TBTO) from in vivo and in vitro data (limb bud assay); the problem of supplementing in vitro experimental test procedures with systems allowing (at least some type of) metabolic activation (organ cultures); assessing the possible embryotoxic potential of the virostatic agent: acyclovir, using a combined in vivo/in vitro approach ("whole-embryo" culture technique).
Modification and Standardization of the Whole-Embryo Culture Technique
Over the last 5 years we have systematically modified and standardized the technique ofcultivating early postimplantation rat or mouse embryos as described by New and co-workers (5) so that it is now easier to use on a larger scale for toxicological studies. The main advantage of our method is the use of bovine serum as a culture medium instead of rat serum (6) . This modification allows the study of a large number of samples under different experimental conditions using the same batch of serum. The conditions for whole-embryo culture have been modified in such a way (adjustment of gassing conditions, etc.) that the differentiation achieved with bovine serum as culture medium is comparable to that obtained with rat serum (Table 1) .
We have also developed and extensively used a simple scoring system for documentation of the data in a computerized form and for semi-quantifying nornal or abnormal development in culture (6) .
The outcome of the development in vitro and the conditions for analyzing the effect of chemicals in this system may be further improved and standardized by incubating the embryos at a temperature of38.8°C instead of 370C (Table 2) ; by adding 1 mL of buffer to 6 mL of serum (thus facilitating the addition of chemicals to the medium); and supplementing the bovine serum with methionine and purified hemoglobin (final concentrations: 7.5 mg/100 mL and 2.5 mg/mL, respectively). The method. Abnormal development in whole-embryo culture induced by valproic acid was first described by Kao et al. (7) and has been extensively studied by Brown (8) . Since the teratogenic action of VPA has predominantly been demonstrated in vivo with mice, it is interesting to note that typical defects seen in mice (predominantly defects in the head region) can also be observed in vitro with rat embryos-a species which has not been found so far to respond readily to VPA with the formation of CNS abnormalities in vivo. The susceptibility of the rat embryo to VPA in vitro can be shown on the macroscopic (Fig. 1) as well as the microscopic level (Fig. 2) , especially at the head region and the somites.
We have shown (9) that one of the VPA metabolites (4-en-VPA) is similarly active in inducing abnormal development in vitro as VPA itself (Fig. 3 and Table 3 ), whereas another chemically similar derivative (2-en-VPA) is completely inactive in this respect. 4-en-VPA induces an additional type of gross structural abnormality in vitro, i.e., cardiac defects ( spect to the developmental stage for in vitro studies when initiating the incubation, the variability of the development in culture is much smaller than the considerable variability of embryonic development within the living organism. This fact holds true for many culture methods. Table 5 gives an example of the variability observed in mouse embryos in vivo. Such studies have been performed with various strains of rats and mice (10) and have given very similar results: there was always a considerable inter-and intralitter variation in the stages of normal prenatal development. This may be an explanation for the variability of outcome regularly seen when assessing embryotoxic effects in vivo. The example given in Table 5 concerns an inbred strain in which one would expect the highest degree of synchronization. The variability seen-as indicated by-the somite stages-is considerable. For the 62 embryos evaluated, a median value of 40 somite pairs was found for 11-day-old embryos with a maximum of 44 and a minimum of 29 somites.
In contrast to this, the high degree of reproducibility of an in vitro system is shown, for example, for the morphogenetic differentiation of mouse limb buds in culture (Fig. 4) . Because the explants can be standardized at the initiation of the culture (according to the somite stage of the embryos: + 1 somite stage) all the limbs can be made to develop in a synchronized manner.
The in vitro techniques allow the exposure of the explants to the toxic agent for a limited period only; before and after this period the cultivation is allowed to proceed in normal culture medium (12) . We have used the whole-embryo culture technique to reveal the period of the highest susceptibility of the rat embryo to VPA. The results of our studies indicate that 9.5-day-old rat embryos are most susceptible to VPA 12 to 18 hr after the initiation of the culture (Table 6 ). This would cor- aSomites were counted on day 11 of gestation (between 1300 and 15°'). There has been a considerable argument over the question whether estrogens or gestagens have a teratogenic potential in man outside the genital tract and, especially, whether they may induce cardiac abnormalities (13) (14) (15) (16) (17) . The data of one of the main studies providing some evidence in this direction (17) have been doubted in their reliability (18) and apparently cannot be used to provide evidence in this direction.
Since the problem cannot be solved by epidemiological studies we attempted to obtain further clues on a possible teratogenic potential by testing the effects of such female sex hormones on the heart development of rat embryos in the whole-embryo culture. With this system the entire period of early heart development can be monitored. Furthermore, extremely high concentrations of these substances may be evaluated in vitro, whereas in vivo the doses to be tested are very limited due to the early occurrence of embryomortality in rodents. The whole-embryo technique has been successfully used before to analyze the action of retinoic acid on heart development in culture (19) .
With the presently available techniques, it is difficult to study development beyond day 12.5 of gestation in the rat. Therefore, possible effects on later stages of cardiac development (e.g., closure of the ventricular septum) cannot completely be ruled out.
When testing a large number of estrogens and gestagens using whole-embryo culture (Tables 7 and 8) , we did not find any indication of the ability of these agents to interfere with cardiac development in rat embryos. The studies were performed with 9.5-as well as with 10.5-day-old rat embryos cultured for 48 hr. All the embryos have been evaluated histologically, in each case assessing serial sections. At extremely high concentrations (> 1 ,ug/mL) most of these substances produced necrosis in the embryo, predominantly at the CNS sites. Even in these cases cardiac development was unimpaired (Fig. 5) . Taken together with all the epidemiological evidence available to date (20, 21) , our data do 93 NEUBERT ET AL, which are close to those producing maternal toxicity (Table 9 ).
The embryotoxicity and fetotoxicity of TB3TO I's compared with maternal toxicity (mortality) in Table 10 . From these data it is obvious that embryotoxicity with this substance occurs close to maternal toxi-city. The procedure of calculating ratios of relative embryotoxicity-as we have suggested (23) ..-requires the estab- One of the disadvantages of many in vitro systems utilizing embryonic rodent tissues is the inability of these explants to respond to metabolic activation. Especially with organ culture systems, the simple addition of microsomal fractions (or S-9-mix) is completely unsatisfactory, since these crude fractions strongly interfere with development in culture. Another approach has been to perform organ cultures in the presence of "feeder cells" capable of at least some functions of drug metabolism. While this latter approach has been successfully used in a few laboratories (25) , it also has a number of limitations, especially since the spectrum of the type of metabolic activation attainable with the supplementing cells (including hepatocytes) is at present quite limited.
For a number of years we have been trying two other approaches: to induce the capacity for metabolic activation within the explants to be used for the organ culture studies, and to isolate defined cytochrome P-450 fractions and to add a reconstituted system to the culture medium. The first approach-if feasible-would 97 Table 13 . Effect of acyclovir and physiological deoxynucleosides (2'-deoxyguanosine, 2'-deoxyadenosine) on growth and development of 9.5 day-old rat embryos in culture (En = 213 hydroxylase) at the stage of organogenesis in various rodent embryos (26) . It has been found to be much more difficult to induce typical cytochrome P-450 activities in embryonic tissues of rodents. Although some such enzyme activities may be detectable with the highly sensitive methods available today (27) , all the activities studied up till now remained so low-even after attempts to enhance the activities by various inducersthat a reproducible and exploitable monooxygenase activity sufficient for routine test purposes in vivo could not be obtained. By using very high substrate concentrations in vitro, it is feasible to test the potential to induce abnormal development with explants or cells subsequent to an enzyme induction in vivo. With this experimental setup apparently only some subtypes of cytochrome P450-dependent activities can be induced within the embryonic tissues of rats or mice. We have been successful with this experimental design (see schematic presentation in Fig. 6 ) in studying abnormal development in organ cultures with cyclophosphamide and dimethylnitrosamine using explants of embryos after induction of monooxygenase activities with PCBs (Aroclor A60) or ,-naphthoflavone (28, 29) in utero. Typical examples of such an approach are shown in Figures 7 and 8 . With respect to the second approach, after many years of attempts and failure we have now succeeded in obtaining enzyme fractions of very high specific activities which are tolerated by the explants in culture (30) . Using cyclophosphamide as a model substrate, a pronounced and clear-cut metabolic activation is achieved with the addition of 10 plementing components (Fig. 9) . The system developed has itself a low toxicity since all the components have been extensively purified and it can now be used for many kinds of in vitro systems. As a word of caution we would like to stress that by adding drug-metabolizing capacity to a culture medium it is possible to produce artifacts on the target cells (4) It should be remembered that considerable species differences exist with respect to the prenatal and perinatal development of the activity of drug-metabolizing monooxygenases. These have to be considered if an extrapolation of data from one species to another is attempted. While the activity of cytochrome P-450-dependent monooxygenases is extremely low or absent in rodent embryos and early fetuses, such activity may be detectable in the livers of primates at rather early fetal stages (32) . Table 12 gives some examples of differences in perinatal development of some monooxygenases in rats and marmosets. Because of practical reasons we find the marmoset to be a primate species which is especially suited for special studies in prenatal toxicity, and therefore some data are included here. While typical cytochrome P-450-dependent monooxygenases (e.g., ethylmorphine demethylation) are already detectable at day 60 of gestation (duration of pregnancy 140 days) in the marmoset (Callithrix jacchus), the activity of other enzymes (predominantly such of the cytochrome P-448 type) may develop even later than in the rat.
With the technique of adding reconstituted monooxygenases to in vitro systems, we intend to study systematically the effect of monooxygenases of different species-including those of primates-after induction by different agents in various culture systems.
Assessment of Possible Teratogenic Potential of Acyclovir Using an in Vitrolin Vivo Approach
One of the best examples for the use of a combined in vitro/in vivo approach comes from recent studies performed in our laboratory to elucidate a possible embryotoxic potential of the virostatic agent acyclovir which is used for the treatment of herpes infections. Segment-II tests performed before on a routine basis (treatment on days 6-15 of pregnancy) have not shown any indication for an embryotoxic potential of this agent (33) . Since the doses that could be tested in the experimental animals in vivo are limited (because of an interfering nephrotoxicity in these species), we initiated in vitro studies using the whole-embryo culture technique.
The substance was clearly able to interfere with embryonic development in vitro (Table 13 and Fig. 10 ) at concentrations exceeding 25 pM (34) . Serum concentrations measured in man under extreme therapeutic conditions (IV application) approach 100 ,uM; serum peak concentrations to be expected after oral medication with the dose regime used today are in the range of 2 ,M.
Abnormal development as shown in vitro-besides a general retardation, especially at higher doses-predominantly concerns the shape of the head; most susceptible to the action of acyclovir is the development of the ear (Tables 14 and 15 and Fig. 11 ). Histologically, necrosis can be seen in several parts of the embryos, e.g., neuroepithelium, somites, ear, etc. (Table 15 and Fig. 12) .
The question arose why the substance had not been found to induce abnormal development in vivo. Two explanations appeared possible: (a) the substance does not reach the embryo in vivo at high enough concentrations to exert an embryotoxic potency, or, more likely, (b) the dose regime routinely applied was not adequate to allow the demonstration of an effect. Since the period of highest susceptibility could be deduced from our in vitro studies (day 10 of gestation), we applied the substance at a high dose during one day of pregnancy at the presumed susceptible period (Table  16) . Surprisingly, the same type of structural abnormality was found under these special conditions in vivo when evaluated on day 11.5 of pregnancy as was seen in vitro. Figure 13 shows a typical picture of the embryos after treatment in vitro and in vivo.
To our knowledge this is the first example of an effect which, after being observed in vitro, has been predicted to also have a potential of occurring in vivo and subsequently has been demonstrated to be inducible in vivo. We feel that this gives a good example of the benefits of combining in vitro and in vivo tests for the assessment of a possible embryotoxic potential of a chemical.
